Materials with Colossal Dielectric Constant: Do They Exist? 
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Experimental evidence is provided that colossal dielectric constants e' > 1000, sometimes re- 
ported to exist in a broad temperature range, can often be explained by Maxwell- Wagner type 
contributions of depletion layers at the interface between sample and contacts, or at grain bound- 
aries. We demonstrate this on a variety of different materials. We speculate that the largest intrinsic 
dielectric constant observed so far in non- ferroelectric materials is of order lO'^. 
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Materials exhibiting a colossal dielectric constant 
(CDC), s' > 10'^, have recently gained considerable at- 
tention. CDC behavior is of technical importance for 
applications using high-e electronic materials, such as 
random access memories based on capacitive elements. 
Fundamental interest was initiated by the observation of 
CDC behavior in some high- Tc parent compounds [|l],D. 
Indeed, CDC behavior may indicate a colossal polariz- 
ability, which was invoked in early polaronic and bipo- 
laronic models as a possible mechanism for high- Tc su- 
perconductivity During the last decade, similar ob- 
servations of CDC behavior have been reported in an 
increasingnumber of materials, such as transition metal 
oxides |-||. 

Large dielectric constants are expected for ferro- 
electrics in a narrow temperature range close to Tc, or 
for systems with hopping charge carriers yielding a di- 
electric constant that diverges towards low frequencies. 
However, in various recent reports giant val- 

ues of the dielectric constant were claimed to persist 
over broad temperature ranges and, when plotted as a 
function of frequency, revealing an almost constant low- 
frequency value and a step-like decrease of the dielectric 
constant towards higher frequencies. This step-like de- 
crease, which is accompanied by a loss peak in the imag- 
inary part of the permittivity, e", shifts exponentially to 
higher frequencies with increasing temperature, charac- 
teristic of Debye-like dipolar relaxation with a thermally 
activated relaxation rate. Several intrinsic physical in- 
terpretations have been given. Examples include almost 
incipient ferroelectricity in high- Tc materials highly 
polarizable relaxation modes |5[| , or a relaxor-like slowing 
down of dipolar fluctuations in nano-size domains 

In the present letter we provide evidence that many 
of these observations are not intrinsic in origin and we 
speculate that most, if not all, of the CDCs reported 
so far are based on Maxwell- Wagner type extrinsic ef- 
fects [Q. We will promote the notion that the most nat- 
ural explanation of apparent CDCs are contact effects, 
and that in ceramic samples grain boundary effects may 
play a similar role and further "enhance" the dielectric 



constant. At these interfaces (metal to insulator con- 
tacts, inter-grain boundaries) depletion layers are formed 
yielding Maxwell- Wagner type relaxations when mea- 
sured by standard dielectric techniques that use metallic 
electrodes and two point contact configurations. Thus, 
while some of the reports may indeed be based on in- 
trinsic effects, extrinsic effects have to be excluded by 
carefully studying the materials using different sample 
geometries, different contact configurations, and analyz- 
ing the results in terms of electronic networks as consid- 
ered in detail decades ago 1^,1). In the present letter, we 
propose a simple network that is derived from the models 
outlined by the classical works of Jonscher Macdon- 
ald 1^, and others, and also from our years of experience 
in dielectric spectroscopy on doped semiconductors. We 
show examples on a series of different materials, where we 
observed CDCs, all of which being due to contact effects. 
Most of the investigated samples are single crystals, but 
we also provide results on a ceramic sample to evidence 
effects of grain boundaries on the dielectric response. Fi- 
nally, in addition to the analysis in terms of electronic 
networks, we will make some suggestions on experiments 
that exclude extrinsic effects. 

The inset to Fig. la shows the equivalent circuit that 
describes the main features of the dielectric response of 
almost all doped or dirty semiconductors. The circuit 
consists of a leaky capacitor connected in series with 
the bulk sample. As indicated in the equivalent cir- 
cuit, the intrinsic bulk response is given by the sum 
of dc conductivity (adc), frequency-dependent ac con- 
ductivity - for which we use the universal dielectric re- 



sponse (UDR) ansatz cr^c = '''0^^, s < 1 



J,|T§ - and the 

high-frequency dielectric constant Soo pdp The UDR is 
the most common approach to take into account hop- 
ping conductivity of localized charge carriers iQ. Un- 
der these assumptions, the intrinsic complex conductivity 
o-intrinsic = '^i + i<^'l IS given by HjTT 



(1) 
(2) 



f ; — (7dc + O-qO; , 



cTj =tan( — )(7ot^ +ujeoec 



1 



where Eq is the permittivity of free space. From the con- 
ductivity, the complex dielectric permittivity can be cal- 
culated by = e'(w) - = ia*{LLi)/ujeQ. This 
formalism does not assume any dipolar relaxation phe- 
nomenon in the compound under investigation. The 
leaky capacitor in the equivalent circuit of Fig. la repre- 
sents the most common way to model contributions from 
the electrode-sample interface 1^,1). For semiconduct- 
ing samples, these arise mainly due to the formation of 
Schottky barriers in the region close to the metallic elec- 
trodes. If the electron work function in a metal is higher 
than in an electron semiconductor, then in the contact 
region of the semiconductor the electron concentration 
is suppressed, and a depletion layer appears. This rel- 
atively thin layer of small conductivity, acts as a high 
capacitance in parallel with a large resistor, connected 
in series to the bulk sample. But also an accumulation 
of defects or deviations from stoichiometry (e.g. oxygen 
deficiency) near the sample surface may lead to such a 
capacitive surface layer. 
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FIG. 1. Frequency-dependent dielectric response for the 
equivalent circuit shown in Fig. la. Solid lines: overall re- 
sponse, dashed lines: intrinsic bulk response as given by eqs. 
(1) and (2). The circuit parameters have been chosen to re- 
veal the prototypical behavior of doped semiconductors with 
Schottky-barrier type contacts. 

The prototypical dielectric response that results from 
the equivalent circuit of Fig. la is shown in Fig. 1. 
The solid lines represent the full dielectric response, the 
response of the intrinsic part alone is indicated by the 
dashed hues. At low frequencies, cr'(w) (Fig. Ic) ex- 
hibits a step-like increase, which can be ascribed to a 



successive bridging of the contact resistance (dominat- 
ing the low-frequency response) by the contact capaci- 
tance acting like a short at high frequencies. The in- 
trinsic contribution, following Eq. (1), is revealed only 
at high frequencies. Via the relation e" ~ cr'/w, the 
step in a' {lo) transfers into a peak in e"{uj) (Fig. lb), 
thereby resembling the response of a Debye-like dipolar 
relaxation process. It is accompanied by a large step-like 
increase of e'(a;) towards low frequencies (Fig. la). At 
low frequencies s' {lo) is dominated by the very high con- 
tact capacitance, Cc, which when divided by the empty 
capacitance of the sample Co, leads to the apparently 
colossal values of e' = Cc/Cq > 10'^. Also for e'(w), 
the intrinsic response is detected only at sufficiently high 
frequencies. The time constant of the circuit is approxi- 
mately r ^ i?Cc, with R being the intrinsic sample resis- 
tance. Assuming that the contact capacitance is nearly 
constant, the temperature dependence of the time con- 
stant is driven by the exponential increase of the charge 
carrier density of the semiconducting sample, leading to 
r ~ RoCcexp{E/T), with E being a characteristic ac- 
tivation energy for charge carriers. Of course the con- 
tact step depends on the thickness and the capacitance 
of the depletion layer, and is strongly sample dependent 
in addition to its temperature dependence. We will show 
that in some cases at room temperature the contact step 
can be shifted well into the GHz frequency region. Be- 
fore demonstrating this type of response in a series of 
samples, we would like to state that in some cases the 
electronic equivalent circuit, shown in the inset to Fig. 
la, is still too simple |jll|. We have found that in more 
metallic samples the influence of inductance has to be 
taken into account at high frequencies, and sometimes 
the contacts are better represented using a distribution 
of time constants (several RC values). Furthermore, in 
ceramic samples other depletion layers can be formed at 
the interfaces of grain boundaries, yielding an additional 
step in e'(w) and further increase of the low-frequency di- 
electric constant. This will be demonstrated in one spe- 
cific sample. However, we provide clear evidence that in 
most cases the simple equivalent circuit of Fig. la works 
rather well and accounts for the CDCs as well as for the 
relaxational behavior observed in many semiconducting 
dielectrics. 

Our first example deals with measurements on single 
crystals of CdF2 doped with indium with contacts made 
from sputtered gold (for details, see ]T3| , p^ ). The ex- 
perimental results and fits performed simultaneously for 
real and imaginary part with the simple equivalent cir- 
cuit of Fig. la are shown in Fig. 2. Here e'(w) (Fig. 
2a) and £"(0;) (Fig. 2b) are shown in double- logarithmic 
representation. e'(w) exhibits the characteristic relax- 
ation steps reaching low-frequency values of about 2000, 
which are accompanied by well pronounced loss peaks in 
e"{Lo). For the higher temperatures, at frequencies be- 
low the loss peaks, e"(w) shows a minimum marking the 
transition to the contact-dominated region. Compared 
to Fig. lb, this minimum is rather shallow, but using 
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a distribution of contact barriers a very good agreement 
of fits and experimental data could be achieved. For the 
frequency and temperature range of Fig. 2, the UDR 
contribution can be neglected. In this specific semicon- 
ductor we carefully checked the infiuence of the contacts 
by measuring samples of different thickness and employ- 
ing different contact electrodes. As an example, in Fig. 
2 a second result obtained on the same sample (T = 126 
K), but with the electrodes separated from the bulk by 
a thin insulating layer of mica 1 13 ij] , is given. Here no 
Schottky barriers are formed and the electrode capaci- 
tance is simply given by the mica layer. As shown by 
the dashed fines, the results can be fitted by the same 
equivalent circuit, leading to nearly identical bulk-, but 
markedly different contact-parameters. In both cases the 
intrinsic dielectric constant Soo ~ 10 is far from being 
colossal or even unusually large. In order to exclude a 
Debye dipolar relaxation process, we also illuminated the 
sample by laser light |14|. It is obvious, that the Debye 
relaxation time td should not depend on the light in- 
tensity. In our experiment the "relaxation frequency" 
LUp — 1/t = l/{RCc) was proportional to the light in- 
tensity due to an increase of the charge carrier density of 
the semiconducting sample. 
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FIG. 2. Frequency- dependent dielectric response of sin- 
gle-crystalline CdF2 with sputtered gold contacts for three 
temperatures (open symbols) The closed circles show 

the results at 126 K for the same sample with a thin layer of 
mica between sample and electrodes. The lines are fits with 
the equivalent circuit shown in Fig. la including a distribu- 
tion of contact parameters. 



low frequencies. In Fig. 3a, the dielectric response of 
LaMnOa |15|, the parent compound of all colossal mag- 
netoresistance materials is given. Pure LaMnOa is an 
antiferromagnetic insulator. The finite carrier density 
probably results from a slight oxygen excess. The curves 
in Fig. 3a were taken at temperatures below the antifer- 
romagnetic phase transition. Again we find the step-like 
decrease of e' on increasing frequencies. The solid lines 
represent fits using our simple equivalent circuit. Here, 
the UDR had to be included in the fits, leading to a w*"^ 
contribution, which smears out the contact-dominated 
step in e'(w) at high frequencies. For the intrinsic dielec- 
tric constant we obtain, Eoo ~ 15. For doped manganates 
similar results were obtained, yielding somewhat higher, 
but certainly not colossal intrinsic dielectric constants 
[|l5|,^. We also want to refer the reader to our earlier 
work on single-cystalline La2Cu04+5, a parent compound 
of high- Tc materials, which also reveals high non-intrinsic 
values of e' Q- 

Figure 3b shows the results for single-crystalline 
SrNb03.4i, which is derived from the high-Tc ferroelec- 
tric compound SrNbOa.s, and has been characterized as 
one-dimensional metal |l8t . In this case the intrinsic di- 
electric constant is rather high, reaching values of ap- 
proximately 100. The low-frequency response approaches 
20000, simulating strong CDC behavior, which, however, 
arises only from the contacts. 
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FIG. 3. Frequency-dependent dielectric constant of three 
transition-metal oxides for various temperatures. The lines 
are fits with the equivalent circuit shown in Fig. la. 
(a) Single-crystalline La2Mn03 jl^. (b) Single-crystalline 
SrNb03.4i ||l|. (c) Polycrystalline Gdo.eYo.dBaCoaOs.s 
Here the fits were restricted to the high-frequency step, at- 
tributed to grain-boundary contributions jl9[. 



Figure 3 shows for three transition metal oxides, 
all exhibiting apparently colossal dielectric constants at 



Finally, in Fig. 3c we provide experimental evidence 
that in ceramic samples the response may be even more 
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complicated. Fig. 3c shows for a perovskite-derived 
cobaltite revealing clear evidence for two successive 
steps. The high-frequency step, yielding values of e' close 
to 6000, is followed by a further increase towards low fre- 
quencies, which elevates e' to 8000 at MHz frequencies 
and T = 225 K. While the low-frequency step is due to 
contact contributions, the second step can be attributed 
to grain boundary contributions, which yield a signifi- 
cantly different effective relaxation rate . 

In conclusion, using a variety of different compounds 
we demonstrated the occurrence of apparent " colossal di- 
electric constants" at audio and radio frequencies over a 
broad temperature range. By an in-depth analysis of 
the frequency- and temperature-dependent dielectric re- 
sponse, all these CDCs were revealed to result from con- 
tact or grain boundary effects. In the case of CdF2 : In 
we demonstrated how an extrinsic CDC can be excluded 
by investigating different contact configurations and dif- 
ferent sample geometries. We strongly urge that in all 
further reports of CDC behavior, its intrinsic nature must 
be verified by a variation of contact type and/or sample 
geometry. Especially if the CDC exhibits a Debye-like 
relaxation process, an intrinsic source within the bulk 
sample is unlikely. In these cases it is advisable to an- 
alyze the data in terms of the equivalent circuits intro- 
duced decades ago to obtain information on the 
true dielectric response of the sample material. This is 
also important for measurements on the divergence of the 
zero-temperature dielectric susceptibility in the insulat- 
ing regime, which is one of the most important probes of 
a metal-to-insulator transition. To check this behavior 
experimentally ||2C| ] it seems important to correct the ef- 
fective dielectric constants for contact contributions even 
at high temperatures. 

Here it is also interesting to discuss the early results on 
charge-density wave (CDW) systems, which show CDCs 
at audio- and radiowave frequencies (see, e.g., [0). One 
is tempted to assume that this behavior also results from 
the existence of depletion layers as outlined in this report. 
However, a detailed analysis of the dielectric response 
of K0.3M0O3, measured with different types of contacts, 
was performed by Cava et al. [|l|, excluding significant 
contact contributions. Furthermore, the unusually large 
low-frequency response of CDW systems has been ex- 
plained theoretically by Littlewood to stem from pinned 
phason excitations |^ . 

In the materials investigated in the present work, the 
highest intrinsic dielectric constant observed is e' « 100. 
What are the highest values of dielectric constants one 
can expect in bulk condensed matter systems? If the 
origin of the CDCs lies in colossal ionic or relaxational 
polarizabilities, they only can be reached in narrow tem- 
perature ranges close to ferroelectric (or relaxor ferro- 
electric) transitions, or over broader temperature ranges 
in incipient ferroelectrics, like in SrTiOa at low tempera- 
tures (see, e.g., [|3|). If the CDCs result from electronic 
degrees of freedom in semiconductors, within a nearly 
free-electron model with an average energy gap Eg, high 



values of e' imply very low values of Eg |^^. In this 
case the dc conductivity certainly would dominate the 
dielectric response even at moderately elevated temper- 
atures. Thus, with the exception of CDW systems, we 
believe that the uppermost limit of an intrinsic dielec- 
tric constant that can occur over broad temperature and 
frequency ranges will be of the order of e' « 10^. 
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